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The creation of enzymes capable of catalyzing any desired chemical reaction is a grand challenge for computational protein design. Using new algorithms that rely on hashing techniques to construct active sites for multistep reactions, we designed retro-aldolases that use four different catalytic motifs to catalyze the breaking of a carbon-carbon bond in a nonnatural substrate. Of the 72 designs that were experimentally characterized, 32, spanning a range of protein folds, had detectable retroaldolase activity. Designs that used an explicit water molecule to mediate proton shuffling were significantly more successful, with rate accelerations of up to four orders of magnitude and multiple turnovers, than those involving charged side-chain networks. The atomic accuracy of the design process was confirmed by the x-ray crystal structure of active designs embedded in two protein scaffolds, both of which were nearly superimposable on the design model. E nzymes are excellent catalysts, and the ability to design new active enzymes could have applications in drug production (1), green chemistry (2) , and bioremediation of xenobiotic pollutants (3) . To date, most enzyme design efforts have used selection methodologies to retrieve very rare active catalysts from large libraries of candidate protein variants (4) (5) (6) (7) . Recent advances in computational protein design have made it possible to design new protein folds (8) and binding interactions (9) and have opened the door to the possibility of computationally designing enzymatic catalysts for any chemical reaction. Despite recent progress (10, 11) , creating enzymes for chemical transformations not efficiently catalyzed by naturally occurring enzymes remains a major challenge. Here, we describe (i) general computational methods for constructing active sites for multistep reactions consisting of superimposed reaction intermediates and transition states (TS) surrounded by protein functional groups in orientations optimal for catalysis ( Fig. 1) and (ii) the use of this methodology to design novel catalysts for a retro-aldol reaction in which a carbon-carbon bond is broken in a nonnatural (i.e., not found in biological systems) substrate: 4-hydroxy-4-(6-methoxy-2-naphthyl)-2-butanone ( Fig. 2A) (12) .
The first step in the computational design of an enzyme is to define one or more potential catalytic mechanisms for the desired reaction. For the retro-aldolase reaction, we focused on mechanisms involving enamine catalysis by lysine via a Schiff base or imine intermediate (13, 14) . As shown in simplified form in Fig. 2B , the reaction proceeds in several distinct steps, involving acid-base catalysis by either amino acid side chains or water molecules. First, nucleophilic attack of lysine on the ketone of the substrate forms a carbinolamine intermediate, which eliminates a water molecule to form the imine/ iminium species. Next, carbon-carbon bond cleavage is triggered by the deprotonation of the b-alcohol, with the iminium acting as an electron sink. Finally, the enamine tautomerizes to an imine that is then hydrolyzed to release the covalently bound product and free the enzyme for another round of catalysis.
The second step of the design process is the identification of protein scaffolds that can accommodate the designed TS ensemble described above. To account for the multistep reaction pathway, we extended our enzyme design methodology (15) to allow the design of composite TS sites that are simultaneously compatible with multiple TS and reaction intermediates (16) . Using this method, we generated design models using the four catalytic motifs shown schematically in Fig. 2C , which apply different constellations of catalytic residues to facilitate carbinolamine formation and water elimination, carbon-carbon bond cleavage, and release of bound product.
Because the probability of accurately reconstructing a given three-dimensional (3D) active site in an input protein scaffold is extremely small, it is essential to consider a very large set of active- (15) . Briefly, each rotamer of each catalytic side chain is placed at each position in each scaffold, and the ensuing position of the composite TS is recorded in the hash. After the filling out of the hash table, which is linear in the numbers of scaffold positions and catalytic rotamers, the hash is searched for TS positions that are compatible with all catalytic constraints; such positions are termed "matches." For each match, the rigid body orientation of the composite TS and the internal coordinates of the catalytic side chains are optimized to reduce steric clashes while maintaining the catalytic geometry within specified tolerances. The remaining positions (not included in the minimal catalytic site description) surrounding the docked composite TS model are redesigned to optimize TS binding affinity by means of the standard Rosetta design methodology (20, 21). The rigid body orientation of the composite TS, the side-chain torsion angles, and (in some cases) the backbone torsion angles in the active site are refined via quasi-Newton optimization (22) . The resulting designs are ranked based on the total binding energy to the composite TS and the satisfaction of the specified catalytic geometry, and then the top-ranked designs are experimentally characterized. The SOM contains detailed descriptions of each step in the protocol. (table S4) . This combinatorial matching resulted in a total of 181,555 distinct solutions for the placement of the composite TS and the surrounding catalytic residues. Through extensive pruning at multiple levels, and by breaking the combinatoric explosion via hashing, the RosettaMatch algorithm (15) is able to rapidly eliminate most active-site possibilities in a given scaffold that are unfavorable as a result of poor catalytic geometry or significant steric clashes with very little computational cost. After optimization of the composite TS rigid body orientation and the identities and conformations of the surrounding residues, a total of 72 designs with 8 to 20 amino acid identity changes in 10 different scaffolds were selected for experimental characterization based on the predicted TS binding energy, the extent of satisfaction of the catalytic geometry, the packing around the active lysine, and the consistency of side-chain conformation after side-chain repacking in the presence and absence of the TS model (16) . Genes encoding the designs were synthesized and the proteins were expressed and purified from Escherichia coli; soluble purified protein was obtained for 70 of the 72 expressed designs.
Retro-aldolase activity was monitored via a fluorescence-based assay of product formation (12) for each of the designs, and the results are summarized in Table 1 . Our initial 12 designs used the first active site shown in Fig. 2C , which involves a charged side-chain (Lys-Asp-Lys)-mediated proton transfer scheme resembling that in D-2-deoxyribose-5-phosphate aldolase (13) . Of these designs, two showed slow enaminone formation with 2,4-pentandione (17) , which is indicative of a nucleophilic lysine, but none displayed retro-aldolase activity (16) . Ten designs were made for the second, much simpler active site shown in Fig. 2C , which involves a single imine-forming lysine in a hydrophobic pocket similar to aldolase catalytic antibodies; of these designs, one formed the enaminone, but none were catalytically active. The third active site incorporates a His-Asp dyad as a general base to abstract a proton from the b-alcohol; of the 14 designs tested, 10 exhibited stable enaminone formation, and 8 had detectable retro-aldolase activity. In the final active site, we experimented with the explicit modeling of a water molecule, positioned via side-chain hydrogen-bonding groups, which shuttles between stabilizing the carbinolamine and abstracting the proton from the hydroxyl. Of the 36 designs tested, 20 formed the enaminone and 23 (with 11 distinct positions for the catalytic lysine) had significant retroaldolase activity, with rate enhancements up to four orders of magnitude over the uncatalyzed reaction (18) .
The active designs occur on five different protein scaffolds belonging to the triose phosphate isomerase (TIM)-barrel and jelly-roll folds. The most active designs exhibited multiple turnover kinetics; the linear progress curves for de- Motif II. The catalytic lysine is buried in a hydrophobic environment to lower its pK a to make it a more potent nucleophile, and a tyrosine functions as a general acid or base. HB, hydrogen-bond. (Top right) Motif III. The catalytic lysine, analogous to motif II, is placed in a hydrophobic pocket to alter its pK a , and a His-Asp dyad serves as a general base similar to the catalytic unit commonly observed in the serine proteases (24) . (Bottom right) Motif IV. The catalytic lysine is again positioned in a hydrophobic environment. Additionally, an explicitly modeled bound water molecule is placed such that it forms a hydrogen bond with the carbinolamine hydroxyl during its formation, aids in the water elimination step, and deprotonates the b-alcohol at the carbon-carbon bond-breaking step. A hydrogen-bond donor/acceptor, such as Ser, Thr, or Tyr, is placed to position the water molecule in a tetrahedral geometry with the b-alcohol and the carbinolamine hydroxyl. The proton-abstracting ability of the water molecule is enhanced by a second hydrogen bond with a base residue. We incorporated, where possible, additional hydrogen-bonding interactions to stabilize the carbinolamine hydroxyl group and an aromatic side chain to optimally pack along the planar aromatic moiety of the substrate. Fig. 3A and supporting online material (SOM)] show a range of kinetic behaviors: In some cases (RA45), there is a pronounced lag phase, likely associated with slow imine formation, whereas in others (RA61), there is little or no lag, and for a third set, there is an initial burst followed by a slower steady-state rate (RA22). Notably, simple linear kinetics are observed for the designs in the relatively open jelly-roll scaffold, whereas more complex kinetics are observed for the TIM-barrel designs, which have more enclosed active-site pockets that may restrict substrate access and product release. To obtain k cat and K M estimates for several of the best enzymes (Fig. 3B) , we extracted reaction velocities from the steady-state portions of the progress curves and assumed simple MichaelisMenten kinetics. Given the simplifications, these values are best viewed as phenomenological; future characterization will be required to define rate constants in a particular kinetic model. The apparent k cat and K M values are given in Table 2 ; k uncat was determined from measurements of the reaction progression in the absence of enzyme and is close to previously determined values (18) . k cat /k uncat for the most active designs is 2 × 10 4 . The catalytic proficiency of the designs is far from that of naturally occurring enzymes, which have a k cat /K M of about 1 M −1 s −1 (Table 2) ; the very low k cat value is probably associated with low reactivity of the imine-forming lysine. Rates for all active designs with 270 mM substrate are reported in table S1. For each of the 11 catalytic lysine positions, a "knockout" mutation to methionine dramatically decreased the activity or, more commonly, abolished catalysis completely, verifying that the observed activity was due to the designed active site. Design models for several of the most active designs with catalytic motif IV are shown in Fig. 4 , A to C. Design RA60 (Fig. 4A) is on a jelly-roll scaffold, and RA45 (Fig. 4C) and RA46 (Fig. 4B) are on a TIM-barrel scaffold. The imineforming lysine, the hydrogen-bonding residues coordinating the bridging water molecules, and the designed hydrophobic pocket (which binds the aromatic portion of the substrate) are clearly evident in all three designs.
To evaluate the accuracy of the design models, we solved the structures of two of the designs by x-ray crystallography (Fig. 4, D and E) . The 2.2 Å resolution structure of the Ser 210 →Ala 210 (S210A) variant of RA22 (Fig. 4D) (19) shows that the designed catalytic residues Lys 159 , His 233 , and Asp 53 superimpose well on the original design model, and the remainder of the active site is nearly identical to the design. The 1.9 Å resolution structure of the M48K variant of RA61 likewise reveals an active site very close to that of the design model, with only His 46 and Trp 178 in alternative rotamer conformations, perhaps resulting from the absence of substrate in the crystal structure (Fig. 4E) . Both crystal structures differ most significantly from the designs in the loops surrounding the active site; explicitly incorporating backbone flexibility in these regions Fig. 3 . Experimental characterization of active enzyme designs. (A) Progress curves for RA61, RA61 K176M, RA22, RA22 S210A, RA22 K159M, RA45, RA45 E233T, and RA45 K180M. The enzymes were tested with 540 mM of the racemic substrate; the reaction was followed by measuring the appearance of the fluorescent product (excitation wavelength, 330 nm; emission wavelength, 452 nm). The y axis is the concentration of product (determined from the fluorescence signal by a standard curve prepared with pure product solutions) divided by the enzyme concentration. In the design models, the serine-toalanine mutation in RA22 and the glutamate-to-threonine mutation in RA45 eliminate interactions that stabilize the carbanolamine intermediate and position the bound water molecule; both mutations reduce the reaction rate considerably. Mutation of the catalytic lysine residues to methione completely eliminates enzyme activity. (B) Dependence of reaction velocity (V) on substrate concentration. The rates are reported in Table 2 . Reaction conditions for all experiments were 25 mM Hepes, 2.7% CH 3 CN, 100 mM NaCl (pH 7.5), and substrate at the indicated concentration. during the design process could yield improved enzymes in the future. Each proposed catalytic mechanism can be treated as an experimentally testable hypothesis to be tested by multiple independent design experiments. Our lack of success with the first active sites that were tested contrasts markedly with our relatively high success rate with the active site in which proton shuffling is carried out by a bound water molecule rather than by amino acid side chains acting as acid-base catalysts. The charged polar networks in highly optimized naturally occurring enzymes require exquisite control over functional group positioning and protonation states, as well as the satisfaction of the hydrogen-bonding potential of the buried polar residues, which leads to still more extended hydrogen-bond networks. Computational design of such extended polar networks is exceptionally challenging because of the difficulty of accurately computing the free energies of buried polar interactions, particularly the influence of polarizability on electrostatic free energies and the delicate balance between the cost of desolvation and the gain in favorable intraprotein electrostatic and hydrogen-bonding interactions. The sampling problem also becomes increasingly formidable replacing the Glu 233 with Thr decreases catalytic activity threefold (Fig. 3A) . (D and E) Overlay of design model (purple) on x-ray crystal structure (green). Designed amino acid side chains are shown in stick representation, and the TS model in the design is shown in gray. (D) The 2.2 Å crystal structure of the S210A variant of RA22 (catalytic motif III, TIM-barrel scaffold). The Ca root mean square deviation (RMSD) between the design model and crystal structure is 0.62 Å, and the heavy-atom RMSD in the active site is 1.10 Å. (E) 1.8 Å crystal structure of M48K variant of RA61 (catalytic motif IV, jelly-roll scaffold). Design-crystal structure Ca RMSD is 0.46 Å, and heavy-atom RMSD is 0.8 Å. The small differences in the high-resolution details of packing around the active site are due to slight movements in some of the loops above the binding pocket and two rotamer changes in RA61 that may reflect the absence of a TS analog in the crystal structure. for more complex sites: The side-chain identity and conformation combinatorics dealt with by hashing in RosettaMatch become intractable for sites consisting of five or more long polar side chains, which for accurate representation may require as many as 1000 rotamer conformations each. At the other extreme, bound water molecules offer considerable versatility, because they can readily reorient to switch between acting as hydrogenbond acceptors and donors and involve neither delicate free-energy tradeoffs nor intricate interaction networks.
It is tempting to speculate that our computationally designed enzymes resemble primordial enzymes more than they resemble highly refined modern-day enzymes. The ability to design simultaneously only three to four catalytic residues parallels the infinitesimal probability that, early in evolution, more than three to four residues would have happened to be positioned appropriately for catalysis; some of the functions played by exquisitely positioned side chains in modern enzymes may have been played by water molecules earlier in evolutionary history.
Although our results demonstrate that novel enzyme activities can be designed from scratch and indicate the catalytic strategies that are most accessible to nascent enzymes, there is still a significant gap between the activities of our designed catalysts and those of naturally occurring enzymes. Narrowing this gap presents an exciting prospect for future work: What additional features have to be incorporated into the design process to achieve catalytic activities approaching those of naturally occurring enzymes? The close agreement between the two crystal structures and the design models gives credence to our strategy of testing hypotheses about catalytic mechanisms by generating and testing the corresponding designs; indeed, almost any idea about catalysis can be readily tested by incorporation into the computational design procedure. Determining what is missing from the current generation of designs and how it can be incorporated into a next generation of more active designed catalysts will be an exciting challenge that should unite the fields of enzymology and computational protein design in the years to come.
